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Abstract 

Human aortic endothelial cells play a key role in the pathogenesis of atherosclerosis, which is a common, 
progressive, and multifactorial disease that is the clinical endpoint of an inflammatory process and endothelial 
dysfunction. Study and development of new therapies against cardiovascular disease must be tested in vitro cell 
models, prior to be evaluated in vivo. To this aim, new cell culture platforms are developed that allow cells to grow 
and respond to their environment in a realistic manner. In this work, the cell adhesion and morphology of 
endothelial cells are investigated on functionalized porous silicon substrates with two different pore size 
configurations: macroporous and nanoporous silicon. Herein, we modified the surfaces of porous silicon substrates 
by aminopropyl triethoxysilane, and we studied how different pore geometries induced different cellular response 
in the cell morphology and adhesion. The cell growth over the surface of porous silicon becomes an attractive 
field, especially for medical applications. Surface properties of the biomaterial are associated with cell adhesion and 
as well as, with proliferation, migration and differentiation. 
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Background 

Human aortic endothelial cells (HAECs) have been the 
most commonly used model in endothelial dysfunction 
systems. The endothelium serves as a natural barrier to 
prevent platelet adhesion and thrombosis. Disruption of 
the endothelium can lead to thrombosis, inflammation, 
and restenosis. Although drug-eluting stents are employed 
to minimize restenosis, there are reports of late throm- 
bosis associated with the use of these drugs. It is believed 
that these effects are due to the slow growth of the endo- 
thelial cells to regenerate the endothelium monolayer of 
the stent material [1]. Because of the capacity of these cells 
to adhere to the substrate and to produce cell adhesion 
molecules, HAECs seem to be a good cell model to screen 
new cardiovascular therapies. Surface modifications have 
been applied to improve cell adhesion and accelerated cell 
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growth on biomaterials [2]. Improvements on the surface 
of biomaterials are needed, particularly for endothelial 
cells, which exhibit poor adhesion and slow growth on 
biomaterials. 

The properties of porous silicon (pSi) make it an inter- 
esting material for biological application. PSi is bio- 
degradable, and it dissolves into nontoxic silicic acid. 
This behavior depends on the properties of the porous 
layer [3-5]. The pore diameter can be controlled, and a 
variety of pore sizes can be produced by changing the 
etching conditions [6-8]; also, the high surface area can 
be loaded with a range of bioactive species. For all this, 
pSi has been proposed and used for in vitro and in vivo 
biological applications [9-14]. Substrate topography af- 
fects cell functions, such as adhesion, proliferation, mi- 
gration, and differentiation [15-17], and the influence of 
the pore size on the proliferation and morphology of 
cells adhered has been studied [18,19]. 

A variety of surface functional groups have been eva- 
luated to improve cell adhesion and growth, such as 
amines, imines, esters, or carboxylic acids [20-22]. The 



Springer 



© 2014 Formentin et al.; licensee Springer. This is an Open Access article distributed under the terms of the Creative Commons 
Attribution License (http://creativecommons.0rg/licenses/by/4.O), which permits unrestricted use, distribution, and reproduction 
in any medium, provided the original work is properly credited. 



Formentin et al. Nanoscale Research Letters 2014, 9:421 
http://www.nanoscalereslett.eom/content/9/1/421 



Page 2 of 7 



most common and simple surface treatment is oxidation, 
which can be performed by either ozone, aging, thermal, 
or chemical treatments. Amine-terminated modifica- 
tions as silanization with aminopropyl triethoxysilane 
or triethoxysilane improve pSi stability and enhance 
cell adhesion in comparison to oxidized pSi [9]. 

Herein, we report the cell adhesion and cell morphology 
of HAEC on macro- and nanoporous silicon substrates 
silanized with aminopropyl triethoxysilane (APTES). PSi 
substrates were fabricated by electrochemical etching of 
silicon wafers in a hydrofluoric acid (HF) solution. Macro- 
and nanopore configurations were achieved changing the 
Si substrate, the electrolyte content, and the current dens- 
ity [23-25]. The samples were surface-modified by oxida- 
tion and silanization with APTES [26] in order to improve 
surface stability and to promote cell adhesion and prolifer- 
ation. The interactions between cells and Si substrates 
have been characterized by confocal and scanning electron 
microscopy (SEM), and the results show the effect of the 
surface topography on the HAEC behavior compared to 
the flat silicon. This study demonstrates potential applica- 
tions of these forms of silicon for controlling cell develop- 
ment in tissue engineering as well as in basic cell biology 
research. 

Methods 

Porous silicon fabrication 

P-type <100 > silicon wafers with a resistivity of 0.002 to 
0.004 D. cm were used for etching nanoporous silicon 
(NanPSi). Silicon wafers with a resistivity of 10 to 20 O 
cm were used for macroporous silicon (MacPSi). All pSi 
were prepared using an anodization process in a 
custom-made Teflon etching cell. An electrolyte formed 
by combining hydrofluoric acid (HF 48%) with ethanol 
and glycerol with the ratio of 3:7:1 (v/v), respectively, was 
used for the anodization of NanPSi, and an electrolyte of 
hydrofluoric acid (40%) in A/,A/-dimethylformamide 
(DMF) (1:10) was made for MacPSi etching. For NanPSi, 
the wafer was etched with a current density of 60 mA/cm 2 
for 1 min. MacPSi was etched with a current density of 
4 mA/cm 2 for 30 min. Then, the samples were rinsed with 
pentane and dried under a nitrogen flow. Macro- and 
nanoporous silicon samples were morphologically charac- 
terized by scanning electron microscopy (ESEM-FEI 
Quanta 600 and SEM Quanta 450; FEI, Hillsboro, OR, 
USA). 

Porous silicon functionalization 

MacPSi and NanPSi substrates were oxidized at 600°C 
for 15 min. Then, the samples were treated in KOH 
0.1 M for 3 min and HN0 3 0.1 M for 10 min to increase 
the density of surface hydroxyl groups. Next, the sam- 
ples were silanized in 5 mM solution of APTES (Gelest 
Inc., Morrisville, PA, USA) in anhydrous toluene for 3 h 



at 75°C. Then, they were washed in succession with tolu- 
ene, ethanol, and deionized water and dried under a ni- 
trogen flow. 

Cell seeding and culture 

HAECs were purchased from Cascade Biologies™ 
(Portland, OR, USA) and, at the 5th passage, were 
thawed and seeded on Nunclon™ A surface 12-well 
plates (Thermo Fisher Scientific, Waltham, MA, USA) 
in the presence or absence (in the case of control condi- 
tions) of sterilized silicon substrates, at a density of ap- 
proximately 1.9 x 10 4 viable cells/mL and 4 x 10 3 of viable 
cells/cm . Through the whole experiment, cells were 
maintained in M200 medium supplemented with 2% (v/v) 
low serum growth supplement (LSGS), 10 mg/mL genta- 
micin, 0.25 mg/mL amphotericin B, 100 U/mL penicillin, 
and 100 mg/mL of streptomycin. 

Cells were seeded in complete cell culture medium 
and growth at 37°C in a humidified incubator (HERAcell 
150; Heraeus, Hanau, Denmark) with atmosphere con- 
taining 5% C0 2 , and culture medium was replenished 
every 2 days with a fresh medium. 

Cell viability and cytotoxicity 

Cell viability was assessed by morphology using phase- 
contrast microscopy and by trypan blue exclusion (Merck 
& Co., Inc., Whitehouse Station, NJ, USA). The viability of 
the HAEC was >97%. 

The extent of cytotoxicity of each experimental condi- 
tion was determined by a colorimetric assay, which mea- 
sures released lactate dehydrogenase (LDH) activity (the 
LDH Cytotoxicity Detection Kit; Roche Applied Science, 
Penzberg, Germany). Briefly, LDH enzyme is rapidly re- 
leased into the cell culture supernatant when the plasma 
membrane is damaged. This result is a colorimetric reac- 
tion that can be measured at a wavelength of 492 nm. 
Thus, the activity of LDH released by the cells was mea- 
sured in cell-free supernatants collected after 48-h incu- 
bation times. Results are expressed as mean 492-optical 
density (OD) and standard deviation (SD error bars) of 
LDH produced by the cells under each treatment 
condition. 

Scanning electron microscopy 

The morphology and shape of cells adhering to the func- 
tionalized PSi substrates were observed with scanning 
electron microscope (SEM) (JEOL model JSM-6400; JEOL 
Ltd., Akishima-shi, Japan). The adhered HAECs were 
fixed in a fixative containing 2.5% GTA/0.1 M phosphate 
buffered saline (PBS) at room temperature for 2 h. After 
washing twice with 0.1 M PBS, the cells were postfixed 
with 1% osmium tetroxide at temperature for 1 h. The 
cells were then washed twice with PBS, dehydrated 
through serial gradients of ethanol (10 min per each 
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Figure 1 Morphological characterization of porous silicon substrates. Top view ESEM images of (a) macroporous silicon substrate with a 
pore diameter of 1 to 1.5 (im and (b) nanoporous silicon with pore sizes less than 50 nm. 



gradient), and finally dried out by the critical point dryer 
Bal-Tec CPD-030 (Bal-Tec AG, Balzers, Liechtenstein). 
The cells along with the substrates were sputtered with 
gold at a current of 15 mA for 3 min by the ion sputter 
EMITECH K575X. SEM imaging was conducted at volt- 
ages ranging from 5 to 10 kV. 



images were acquired using a Nikon Eclipse TE2000-E 
inverted microscope (Nikon Instruments, Amsterdam, 
Netherlands), equipped with a CI laser confocal system 
(EZ-C1 software, Nikon). Argon 488- and 633-nm lasers 
were used as excitation sources for NucGreen and phal- 
loidin, respectively. 



Staining on actin and nuclei and fluorescence confocal 
microscopy 

HAECs were cultured on the functionalized pSi sub- 
strates for 48 h. After cell culture experiments, culture 
media were removed and cells were washed two times 
with PBS at 37°C. The cells were fixed with a 4% (w/v) 
solution of paraformaldehyde in PBS for 30 min at room 
temperature. After washing two times more with PBS, 
the substrates were immersed in 0.2% Triton-X 100 in 
PBS for 10 min at room temperature to permeabilize the 
cell membrane. After rinsing with PBS two times, the 
actin filaments and nuclei were stained in the dark at 
room temperature. Actin-stain 670 phalloidin (tebu-bio, 
Le Perray-en-Yvelines, France) was used to stain the 
actin filaments (200 nM, 30 min), while NucGreen Dead 
488 (Life Technologies, Carlsbad, CA, USA) was used to 
stain the nuclei (two drops/mL, 10 min). Each sample 
was washed three times with PBS, and after mounting 
on microscope slides using anti-fade mounting media, 
the samples were incubated overnight in the dark at 
room temperature. Stained cells were kept at 4°C in the 
dark until microscope observations. The fluorescence 



Results and discussion 

The porous silicon (pSi) samples were produced by elec- 
trochemical etching of p-type silicon wafers in HF-based 
electrolytes [22]. Two types of samples were generated 
by varying the etching conditions in order to study the 
cellular response on surfaces with different pore geom- 
etry. PSi substrates obtained from silicon wafers with a 
resistivity of 0.002 to 0.004 fi cm by applying a constant 
current density of 60 mA/cm 2 had an average pore 
diameter of 30 to 50 nm. The pSi produced from silicon 
wafers with 10 to 20 O cm resistivity, by applying a 
current density of 4 mA/cm 2 , had an average pore diam- 
eter of 1 to 1.5 urn. 

The topography of theses substrates was analyzed 
using scanning electron microscopy. Figure la,b shows 
representative images of the top view of macro- and 
nanoporous substrates, which were surface-modified by 
oxidation and silanization with APTES to promote cell 
adhesion. 

Human endothelial cell line was chose to analyze the 
influence of the topography of the macro- and nanopor- 
ous silicon on the HAEC behavior. To study the effect 




Figure 2 SEM characterization of endothelial cells on nanoporous silicon. SEM images of HAEC culture after 48-h incubation on modified 
silicon substrates: (a) flat silicon and (b, c) nanoporous silicon. 



Formentin et al. Nanoscale Research Letters 2014, 9:421 
http://www.nanoscalereslett.eom/content/9/1/421 



Page 4 of 7 




» ..... . .• ?• • v .. *-r -... .-■•'>«;.•.*.■..%•.•• 



Figure 3 SEM characterization of HAECs on macroporous silicon. SEM images of HAEC culture after 48-h incubation on modified silicon 
substrates: (a) flat silicon and (b, c, d) macroporous silicon substrates. 



of the pore size on the morphology of the adhered 
HAECs, confocal microscopy and SEM were employed. 
Figure 2 shows representative images of HAECs growing 
on nanoporous Si substrate and on flat Si as control, after 
48 h of incubation. On porous silicon, cells appeared 



elongated and spread with protrusions, and the devel- 
opment of the filopodia is visible at the cell borders 
(Figure 2b,c), which is because the nanopores may not 
anchor firmly to the surface. The same shape is ob- 
served on flat silicon (Figure 2a). 
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Figures 3 and 4 illustrate the results obtained on 
macroporous silicon substrates. These indicate the effect 
of the surface in the cell adhesion and spreading, com- 
pared to the flat Si. The cell migration after 48-h incuba- 
tion on pSi 1 to 1.5 urn results in 2-D and 3-D shape of 
the HAEC, while the cells on nano and flat silicon show 
only 2-D migration movements. In the macroporous 
substrate, the cell appears with a well-spread cytoskel- 
eton with formation of protrusions out of the cell mem- 
brane and is visible how part of it penetrates inside the 
macropore (Figure 4b,d). Filopodia is not present in this 
type of substrate. 

Figure 5 shows confocal imaging for HAEC culture on 
flat, macro-, and nanoporous silicon modified with APTES. 
The samples were washed after 48 h of incubation, and 
then, the remaining cells were fixed and labeled with actin 
phalloidin and NucGreen. 

From fluorescence microscopy, we notice that the 
fluorescence images provided limited information on cell 
morphology to qualify the cell development on these 



three types of silicon substrates. On flat silicon, the cell 
looks more spread over the substrate (flat shape). On the 
two types of porous silicon, the spreading behaviors of the 
cells look limited by the topography of the surface. 

Cytotoxicity was determined by a colorimetric assay, 
which measures released LDH activity. LDH enzyme is 
released into the cell culture when the membrane is 
damaged. So, an increase of LDH has been associated 
with a cellular injury. After a period of 48 h, the produc- 
tion of LDH activity released increases in the porous sili- 
con substrates and also in the blank control (cells 
incubated without silicon substrates). These results indi- 
cate that the presence of the silicon in the culture 
medium does not cause cytotoxicity per se. 

To quantify viability of cells grown on surface porous 
silicon, we assessed the morphology using phase-contrast 
microscopy and by trypan blue exclusion (Merck & 
Co., Inc.). 

The cell viability of HAECs was >97% in all the porous 
substrates. 




Figure 5 Fluorescence confocal microscopy. Confocal imaging for HAECs cultured on three different substrates at 37°C for 48-h incubation. 
The actin filaments were stained with actin-stain 670 phalloidin for 30 min (red), and the nucleus was stained with NucGreen Dead 488 for 
10 min (green). 
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Conclusions 

Silicon substrates with pore size in the macro- and 
nanoporous range have been used to study the adhesion 
and the morphology of endothelial cells. The substrates 
were functionalized previously, with APTES in order to 
improve the adhesion. 

SEM characterization shows that different pore geom- 
etries induced different cellular response in terms of cell 
adhesion and morphology. On macroporous silicon, the 
pseudopods of the cell can grow along the macropore, 
and the cells show 2-D and 3-D migration behaviors. On 
nanoporous substrates, filopodia was found to branch 
out from the main cell body, which anchors the cell to 
the substrate. 

From fluorescence microscopy, limited information on 
cell morphology to qualify the cell development on these 
silicon substrates is obtained. 

These two forms of porous silicon, macro and nano, 
are promising substrates for developing new 3-D cell 
culture platforms with applications in tissue engineering 
as well as basic cell biology research. 
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